Strain DCB-1 is a strict anaerobe capable of reductive dehalogenation. We elucidated metabolic processes in DCB-1 which may be related to dehalogenation and which further characterize the organism physiologically. Sulfoxy anions and CO2 were used by DCB-1 as catabolic electron acceptors Diazotrophic growth occurred, and whole cells had nitrogenase activity. On the basis of these physiological characteristics, DCB-1 is a thiosulfate-disproportionating bacterium unlike those previously described.
The process of anaerobic reductive dechlorination of aromatic compounds is well documented (23, 28) and is of great interest for degradation of hazardous chemicals. However, very little is known of the specific organisms and the metabolic properties which are responsible for this process. At present only one isolate, strain DCB-1, is known to reductively dehalogenate aromatic compounds under anaerobic conditions. This organism provides an opportunity to identify metabolic processes which underlie reductive dehalogenation. Additionally, it would be useful to identify a physiological group to which DCB-1 belongs, as other organisms in such a group may be responsible for the reductive dehalogenation activities presently known in uncharacterized communities.
Strain DCB-1 is a gram-negative, strict anaerobe isolated from an enrichment mineralizing 3-chlorobenzoate (3CB) (25) . DCB-1 is capable of reductive dehalogenation of 3CB (25) , other halogenated benzoates (8) , and tetrachloroethylene (12) . Growth of DCB-1 is stimulated by thiosulfate, sulfate, and sulfite, and with these substrates, sulfide is produced; thus, the organism has been labeled a sulfidogen (26) . Strain DCB-1 can fix CO2, and this process was reported to occur simultaneously with fermentative growth on pyruvate (27) . Dolfing and Tiedje (9) constructed a defined anaerobic consortium containing DCB-1, a benzoate fermentor, and a methanogen which grows on 3CB. Evidence was presented that reductive dechlorination of 3CB stimulated growth of the consortium (10) . Recent evidence indicates that pure cultures of DCB-1 can conserve energy for growth from dechlorination of 3CB coupled to H2 or formate oxidation (8a, 20a) . It thus appears that reductive dechlorination of aromatic compounds can serve as a catabolic electron-accepting process. This physiological study of DCB-1 was undertaken to elucidate metabolic activities which may be related to dehalogenation activities and which further classify the organism physiologically. Growth experiments with defined medium * Corresponding author.
identified several previously unknown substrates. A balance of carbon and electrons was determined to investigate the role of CO2 in the previously reported fermentation of pyruvate. Carbon monoxide dehydrogenase (CODH) activity was assayed to indicate whether the acetyl coenzyme A (acetyl-CoA) pathway is involved in CO2 reduction. The metabolism of sulfoxy anions was more fully investigated by varying electron donors and quantifying products.
MATERIALS AND METHODS
Cultures. Strain DCB-1 and Methanospirillum sp. strain PM-1 were obtained from our laboratory culture collection. All cultures in this study were done in a previously described anaerobic mineral medium (25) with the following modifications. Naphthoquinone (0.6 ,uM) was added before autoclaving (K. A. DeWeerd and J. M. Suflita, Abstr. Annu. Meet. Am. Soc. Microbiol. 1988, 1-108, p. 199). Unless otherwise stated, media were buffered with bicarbonate (pH 7) by addition of 28 mM NaHCO3 and an N2-CO2 (80:20) gas phase before autoclaving. When CO2 was not wanted as a potential carbon source or electron acceptor, media were buffered with 10 mM phosphate (pH 7) and an N2 gas phase was used. Where indicated, H2 was included in the gas phase after autoclaving as H2-CO2 (80:20), introduced with a vacuum/ pressure-gassing manifold; CO and CH4 were added to the gas phase by syringe. The sulfide reductant in the described medium was replaced with 1 mM cysteine, added before autoclaving, and 0.1 mM titanium citrate (30) , added after autoclaving. These reductants were replaced with 0.5 mM dithionite, added after autoclaving, from freshly prepared, filter-sterilized, anaerobic stock solution when cysteine was not wanted as a potential carbon source. All other additions to the media were made after autoclaving from filter-sterilized, anaerobic stock solutions. Growth (18) .
Nitrogenase assay. For ammonium-free medium, NH4CI in the previously described mineral medium was replaced with an equimolar amount of NaCl, leaving N2 as the sole N source. Cells for the nitrogenase assay were harvested as described above and suspended, concentrated 10-fold, in homologous medium. The suspensions of 10 Sulfoxy anions served both as general and as putatively respiratory electron acceptors (Table 2) . Dithionite appeared to serve as an electron acceptor, since growth was proportional to dithionite concentration, but because of the chemical instability of dithionite, other sulfur compounds may be partially or completely responsible for the growth observed. Fumarate supported relatively slow growth and low yields with pyruvate, the doubling time being 17 days. Fumarate did not support respiratory growth (Table 2) , and succinate Thiosulfate was disproportionated to sulfide and to a lesser amount of sulfate when formate was omitted (Table 3) . There was again a linear relationship between limiting amounts of thiosulfate and total growth. Growth occurred through at least five passages on medium containing 5 mM thiosulfate and 1 mM acetate, the latter substrate being required, presumably as a carbon source. Thiosulfate disproportionation therefore supports growth of DCB-1, although some acetate oxidation may have occurred, accounting for the production of more sulfide than sulfate. Apparent growth rates on thiosulfate were similar with and without formate (Fig. 1B) Use of electron donors and carbon sources. The use of electron donors was tested with 5 mM sulfate as an electron acceptor. The criteria for use were significant (by the Student t test, a = 0.05) stimulation of both growth (measured as optical density) and sulfide production relative to those in control cultures without electron donors. The following electron donors were used (initial concentration): H2 (1.6 atm), formate (10 mM), CO (0.1 atm), lactate (10 mM), pyruvate (10 mM), butyrate (10 mM), and 3-methoxybenzoate (2.5 mM). The following were not used: methane (0.1 atm), methanol (2.5 mM), ethanol (2.5 mM), acetate (10 mM), propionate (10 mM), glycerol (10 mM), malate (10 mM), fructose (5 mM), or glucose (5 mM). Conditions used here to test electron donors differed from conditions used previously to test substrates (26) in several ways: (i) sulfate was provided here as an electron acceptor, (ii) naphthoquinone was provided here, and (iii) ruminal fluid was not provided here. Growth with CO was very slow relative to growth with other electron donors. An initial concentration of 10 mM pyruvate was incompletely oxidized to acetate during growth on sulfate thiosulfate, but at a lower initial concentration with excess sulfate, the acetate product subsequently disappeared (Fig. 2) . Sulfide accumulation may have prevented complete oxidation of the higher concentration of pyruvate. Thus, with sulfate as an electron acceptor, DCB-1 may completely oxidize pyruvate despite its inability to grow when transferred to medium with sulfate and acetate as a sole electron donor (see above). Consumption of a low initial concentration of 3-methoxybenzoate with excess sulfate was accompanied by stoichiometric production of 3-hydroxybenzoate, which was not degraded further (Fig. 3) , indicating that only the methoxyl group of that substrate was used. The identity of the 3-hydroxybenzoate end product was confirmed by comparison of its UV spectrum with that of an authentic standard. Both lactate and pyruvate served as sole carbon sources, supporting serial transfers on phosphate-buffered, dithionite-reduced medium with 5 mM thiosulfate.
Autotrophic growth was possible, as growth occurred through at least five serial transfers each on dithionitereduced, bicarbonate-buffered medium containing 1.6 atm of H2 plus either 5 mM thiosulfate or 5 mM sulfate. The apparent doubling time of autotrophic cultures with thiosulfate was longer than that of other cultures with thiosulfate (Fig. 1B) . Autotrophic growth on thiosulfate did not occur without an additional electron donor.
CODH activity. CODH activity was assayed to determine whether the acetyl-CoA pathway could be responsible for CO2 fixation by DCB-1. Activity was detected in cells growth on all media tested (Table 4 ). These activities are lower than those reported for some other sulfate reducers believed to be using the acetyl-CoA pathway (24) , but the differences in most cases are less than an order of magnitude. Factors contributing to the differences may be the slower growth rate of DCB-1 and the testing of whole rather than permeabilized DCB-1 cells. The addition of 1 mM potassium cyanide to a suspension of cells grown on H2, C02, and 5 mM thiosulfate caused an 86% inhibition of CODH activity. Growth of DCB-1 did not occur with 10 mM thiosulfate plus CO as a sole carbon source.
Test of homoacetogenic growth. On bicarbonate-buffered medium with no additional electron acceptor, growth did not occur with 1.6 atm of H2 or 10 mM formate. Growth did occur on this medium with 5 mM 3-methoxybenzoate through three serial transfers but then stopped. Acetate was not produced from 3-methoxybenzoate. Since the carbon sources provided in these media were sufficient for growth with thiosulfate, it appears that DCB-1 did not gain sufficient energy for growth from these substrates by homoacetogenesis.
Diazotrophic growth. Growth of DCB-1 occurred on 10 mM pyruvate plus 5 mM thiosulfate through at least five serial transfers with N2 as the sole N source. Serial transfers could not be maintained if N2 was replaced by Ar. The growth rate was lower on N2 than on ammonium. Cells grown on N2 had nitrogenase activity, measured as production of 0.24 ,umol of ethylene min-' g of protein-' from acetylene. This activity is probably inducible, as cells grown on ammonium produced no ethylene. (Table 3) ; thus, DCB-1 is a sulfate-reducing bacterium. Since H2 and formate are not known to support SLP, the ability of DCB-1 to grow with either of these electron donors and sulfate (Table 2) indicates a respiratory process, like that found in other sulfate reducers (2) . Like most other sulfate reducers, DCB-1 will also grow on thiosulfate, sulfite, and, possibly, dithionite ( Table 2 ). Use of dithionite as a reductant probably explains the previous finding that DCB-1 grew on lactate plus acetate (26) , which we did not find on cysteine-titanium citrate-reduced medium. Growth of DCB-1 was also supported by disproportionation of thiosulfate to sulfate and sulfide (Table 3) . Growth by this type of lithotrophic fermentation has been reported for Desulfovibrio sulfodismutans, D. desulfuricans, and two other strains of sulfate reducers (3, 4, 17) . Sulfide appears to be relatively toxic to DCB-1 compared with other sulfate reducers. However, toxicity of 2 mM sulfide has also been reported for Desulfotomaculum spp. (16) . In open natural systems, such sensitivity may not be a great disadvantage, as sulfide might be prevented from accumulating by precipitation, diffusion, and volatilization of H2S. However, such sensitivity to sulfide could greatly bias traditional enrichment and isolation procedures against such organisms.
The apparent use of fumarate as an electron acceptor by DCB-1 ( (24) , and is consistent with the reversible nature of the pathway. DeWeerd et al. (8) have shown that DCB-1 metabolizes 3-methoxybenzoate by 0-demethylation, an activity found in acetogens (1) and Desulfotomaculum spp. (16) and also thought to be catalyzed by enzymes of the acetyl-CoA pathway. Finally, the ability of DCB-1 to dechlorinate tetrachloroethylene may be due to the acetyl-CoA pathway, as Egli et al. (11) have proposed a correlation of this pathway and the ability of anaerobes to dechlorinate volatile alkanes, although it should be noted that this correlation was based on dechlorination of tetrachloromethane. Thus, several of our findings can be explained by the acetyl-CoA pathway.
Diazotrophic growth is another property of DCB-1 common to many other sulfate reducers. This capacity is known among several members each of the genera Desulfovibrio (22) , Desulfotomaculum (21) , and Desulfobacter (29) . The rate of acetylene reduction found for DCB-1 is lower than, but within an order of magnitude of, rates reported for members of the above genera.
Strain DCB-1 is a sulfate reducer which has physiological characteristics found in a broad range of members of this group but does not fit well into any known physiological subset of the group. The morphology of DCB-1 is unique by virtue of a collar structure (25) . It Lansing, 1985) , this possibility needs to be more thoroughly investigated.
